An effective HIV-1 vaccine will need to overcome the extraordinary genetic variability of the virus, where most variation occurs in the viral envelope glycoproteins that are the sole targets for neutralizing antibodies. Efforts to elicit broadly cross-reactive neutralizing antibodies that will protect against infection by most circulating strains of the virus are guided in part by in vitro assays that determine the ability of vaccine-elicited antibodies to neutralize genetically diverse HIV-1 variants. Until now, little information was available on how many and which strains of the virus are best suited for this purpose. We applied robust statistical methods to evaluate a large neutralization data set and identified a small panel of viruses that are a good representation of the global epidemic. The neutralization properties of this new panel of reference strains should facilitate the development of an effective HIV-1 vaccine.
A ssessments of HIV-1 vaccine-elicited neutralizing antibody (nAb) responses need to adequately address the multiple genetic subtypes and neutralization phenotypes of the virus (1) . Genetic variability has given rise to at least nine genetic subtypes and a growing number of circulating recombinant forms (CRFs), where Ͼ90% of the current epidemic is driven by subtypes A, B, C, D, G, CRF01, and CRF02 (2) and where the prevalence of each subtype and CRF fluctuates geographically (3) . HIV-1 variants also exhibit a wide range of neutralization susceptibilities with sera from chronically infected individuals (4) . A small subset of circulating and passaged variants exhibits extraordinary sensitivity that is classified as a tier 1 phenotype. Variants with this phenotype exhibit spontaneous exposure of highly immunogenic epitopes in the variable loops and coreceptor binding domain of gp120 (5) (6) (7) . These epitopes are poorly exposed on most circulating strains, resulting in an overall lower level of neutralization susceptibility that is classified as a tier 2 phenotype. Another small fraction of circulating variants is even less sensitive to neutralization and classified as having a tier 3 phenotype. Tier 2 variants, being most abundant in the epidemic, are given the highest priority to target with vaccines (1, 8, 9) .
Despite poor exposure of some epitopes on the surface gp120 and transmembrane gp41 envelope glycoproteins (Envs) of tier 2 and 3 HIV-1 variants, several regions are vulnerable to nAbs; these include epitopes in the CD4 binding site (CD4bs), V1V2 glycan, V3/V4 glycan, and glycan-exclusive regions of gp120, as well as several epitopes in the membrane proximal external region (MPER) of gp41 (10) (11) (12) (13) . Other sites of vulnerability may exist that have yet to be identified. These vulnerabilities afford a number of opportunities for vaccines to elicit antibodies that neutralize most circulating strains of HIV-1. Various strategies are under investigation to induce such responses. Some strategies take a structure-based approach that aims to mimic broadly neutralizing epitopes on native functional Env spikes (14, 15) . Recent examples include the optimization and stabilization of epitopes in the receptor and coreceptor binding regions of gp120 (16) (17) (18) (19) , the design of innovative structural variants of gp41 (20) (21) (22) , and the design of optimal mimics of gp120 and gp41 epitopes recognized by broadly neutralizing Abs (bnAbs) (23) (24) (25) (26) . Other approaches focus on B regulation, such as self-tolerance (27, 28) and suspected immunosuppressive properties of gp120 (29) (30) (31) . Another recent approach is the recruitment of germ line and intermediate B cell precursors involved in the production of bnAbs (32) (33) (34) . As new vaccine concepts enter preclinical and clinical phases of testing, it will be important to compare the magnitudes and breadths of nAb responses using a relevant spectrum of HIV-1 variants that are representative of the global epidemic.
Several panels of molecularly cloned HIV-1 Env variants have been recommended for use as reference strains. These panels are comprised of multiple subtypes and were selected to be genetically and antigenically diverse. Subtype B and C tier 2 panels were proposed (35, 36) , based on viruses that were not unusually sensitive or resistant to neutralization by HIV-1-positive plasma samples, while maintaining specificities that resemble the known bnAbs at that time (e.g., IgG1b12, 2G12, 2F5, and 4E10). The mode of transmission and diversity, both genetic and geographic, were also considered. A panel size of 12 was recommended based on sample size calculations (37) , but the ideal size and composition of reference panels have remained uncertain. Initial reference panels for subtypes B (35) and C (36) were based on 12 strains selected from among 18 or 19 candidate strains studied. Although it was an important step to identify initial reference panels for these two major circulating subtypes, the panels were selected from a relatively small number of candidate strains. Moreover, the criteria used for selection were largely subjective.
Brown et al. (38) studied a panel of 60 uncloned primary isolates, comprising 10 isolates from each of the six major subtypes. They recommended that the panel be used as a resource for measuring cross-clade nAbs when comparing different vaccines using neutralization assays in peripheral blood mononuclear cells (PBMC). Moreover, Simek et al. (39) identified a set of seven Env-pseudotyped viruses from among a multisubtype panel of 35 Env-pseudotyped viruses with the greatest utility for identification of sera with potent broadly neutralizing activity. Their goal was to identify elite neutralizers for the isolation of novel bnAbs. In their study, samples identified as having titers of Ն100 (Envpseudotyped viruses assayed in U87.CD4.CCR5 cells) to at least four of five subtypes consistently had breadth within and across subtypes to larger panels. Their results also suggested that samples with neutralizing activity against multiple subtype B viruses also tended to neutralize multiple subtype C viruses. They concluded that neutralizing activity against multiple genetic subtypes from multiple geographic regions can be reliably assessed using a small panel of viruses. They found no difference in neutralization patterns among viruses isolated during chronic and acute infection. They suggest that neutralization screening panels need not take into account Fiebig stage and time of collection but should instead focus on the overall neutralization phenotype of the virus to serum samples and monoclonal antibodies (MAbs).
A single, reasonably sized panel of HIV-1 reference strains that adequately reflects the global epidemic regardless of subtype would facilitate comparisons across studies and would especially benefit vaccine development, which relies heavily on comparative immunogenicity data. We describe a systematic method based on a statistical model selection procedure known as "lasso" to identify a global panel of nine reference Env clones from among 219 Env-pseudotyped viruses based on the spectrum of neutralizing activity seen with sera from 205 chronically HIV-1-infected individuals, where both the Envs and sera were sampled globally and represented all major genetic subtypes and CRFs of the virus.
MATERIALS AND METHODS
Serum samples and MAbs. After obtaining written informed consent, serum samples were obtained from 205 chronically infected individuals who were antiretroviral drug-naive and infected with HIV-1 subtypes A (n ϭ 8), B (n ϭ 59), C (n ϭ 58), D (n ϭ 3), CRF01_AE (n ϭ 15), CRF07_BC (n ϭ 16), CFR02_AG (n ϭ 2), CRF10_CD (n ϭ 1), AC (n ϭ 4), AD (n ϭ 3), and ABCD (n ϭ 2); 34 were infected with subtypes that could not be determined due to low levels of plasma viremia. HIV-1 genetic subtypes were determined by single-genome amplification and sequencing of a single serum gp160 gene as described previously (35) . Conserved nAb epitopes were probed with the CD4bs bnAbs VRC01 (40, 41) , VRC-CH31 (42, 43) , HJ16 (44) , and IgG1b12 (45), the V1V2 glycanspecific bnAbs PG9, PG16 (46) , and CH01 (42, 47) , the V3/V4 glycan bnAb PGT128 (48), the gp120 glycan-specific bnAb 2G12 (49) , and the gp41 MPER bnAbs 2F5 and 4E10 (50) . Other neutralization epitopes were probed with CD4bs MAbs 654-30D (51), 1008-30D, 1570D (52) , and 729-30D (53), the V3-specific MAbs 2219 (54), 2557 (55), 3074 (56), 3869 (57), 447-52D, 412D (58) , and 838-D (59), the V2-specific MAbs 1361, 1357D (60), 1393A, 830A (61), 697-30D (62), and 2297 (63), the C2-specific MAb 847D (61), the C5-specific MAbs 1331-160A (60), 670-30D, and 858-30D (53), the gp41 cluster I-specific MAbs 181D, 246D, 240D (64), 50-69D (65) , and 4B3 (unpublished), the gp41 cluster II-specific MAbs 126-7D and 167D (64) , and MAbs 17b and E51 to CD4-induced (CD4i) epitopes on gp120 (36) . The MAbs 1418 (66) and 3685A (unpublished) to parvovirus b19 and anthrax protective antigen (PA), respectively, were used as negative controls.
Env-pseudotyped viruses. Functional full-length rev-env cassettes for making Env-pseudotyped viruses were cloned by single-genome amplification from plasma viral RNA as described previously (35, 36) from 219 subjects infected with HIV-1 subtypes A (n ϭ 10), B (n ϭ 54), C (n ϭ 67), D (n ϭ 5), G (n ϭ 8), CRF01_AE (n ϭ 21), CRF02_AG (n ϭ 16), CRF06 (n ϭ 1), CRF07_BC (n ϭ 14), AC (n ϭ 6), AD (n ϭ 5), ACD (n ϭ 1), BC (n ϭ 4), BG (n ϭ 1), and CD (n ϭ 6). Where available, Fiebig stages were noted. Because Fiebig stages were frequently unknown or ranged in value, we defined three infection stage categories: early (Fiebig stages I to IV), intermediate (Fiebig stages V to early VI), and late (late Fiebig stage VI, 6 or more months postinfection through chronic), where known.
Env.IMC.LucR viruses. env sequences from the 12 rev-env cassettes selected as global reference reagents were cloned into otherwise isogenic, replication-competent infectious molecular clones carrying a Tat-regulated Renilla Luc reporter gene (Env.IMC.LucR viruses) as described previously (67) . Unless otherwise indicated, all Env.IMC.LucR viruses contained the entire ectodomain of the Env of choice fused to the transmembrane and cytoplasmic tail regions of NL4-3 (67) . A parallel set of viruses (Env.IMC.LucR.RE) was generated carrying the respective entire rev-env cassettes of the 12 reference strains as described elsewhere (C. Ochsenbauer and J. Kappes, unpublished data).
Analysis coreceptor tropism.
Coreceptor usage of the newly identified global reference panel of Env-pseudotyped viruses and their corresponding Env-IMC.LucR viruses was assessed in TZM-bl and A3R5 cells, respectively, by assaying multiple concentrations of the R5 inhibitor TAK-779 and the X4 inhibitor AMD 3100 as described below for neutralization assays. Both reagents were obtained from the NIH AIDS Reagent Program, as contributed by the Division of AIDS, NIH (Bethesda, MD).
Neutralization assays. Neutralization of Env-pseudotyped viruses was measured in 96-well culture plates by using Tat-regulated firefly luciferase (Luc) reporter gene expression to quantify reductions in virus infection in TZM-bl cells (68) . Neutralization of Env.IMC.LucR viruses was similarly measured by using Tat-regulated Renilla Luc reporter gene expression in A3R5 cells (69) . Both assays have been formally optimized and validated (70, 71) . Heat-inactivated (56°C, 1 h) serum samples were assayed at 3-fold dilutions starting at 1:20. Neutralization titers (50% inhibitory dose [ID 50 ]) are the serum dilution at which relative luminescence units (RLU) were reduced by 50% compared to RLU in virus control wells after subtraction of background RLU in cell control wells. Neutralizing activity also was measured as a function of the area under the positive portion of the neutralization curve (pAUC); here, values less than 0% neutralization due to normal variation of the assay or mild infection enhancement at high serum dilutions were not used. As described below, pAUC values were used for statistical analyses, whereas ID 50 values were used for more conventional descriptions of virus phenotypes. Assay stocks of Env-pseudotyped viruses and Env.IMC.LucR viruses were produced by transfection in 293T cells and titrated in either TZM-bl or A3R5 cells as described previously (67, 68) .
Neutralization scores. While the ID 50 is one summary measure of a dilution series used to represent nAb titers, it results in a loss of information at low neutralization potencies that do not reach 50% at the lowest serum dilution tested. We have found that using pAUC is a more general and useful way to summarize nAb activity for statistical analyses, since it is more sensitive at low neutralization potencies and correlates with positive ID 50 values (72) . To evaluate aggregate neutralization behavior across viruses, for any serum sample, nAb titer and breadth across a panel of isolates were represented together by a magnitude-breadth (MB) curve, which is a cumulative distribution function that represents the proportion of isolates neutralized with potency no less than x for every point along the x axis (73). We computed three neutralization scores per serum to quantify MB curves: quartiles of the MB curve Q 1 , Q 2 , and Q 3 , defined as the potency values corresponding to breadths of 75, 50, and 25%, respectively, of the cumulative distribution of neutralization values across all viruses. We also computed average serum potency across a set of isolates, or the area under the MB curve (AUC-MB), to determine optimal panel sizes.
Panel selection. Lasso is the constrained regression procedure used to select isolate combinations that best predicted neutralization scores. Briefly, lasso uses penalized regression to minimize error, with a constraint on the sum of the absolute values of regression coefficients (74) . This constraint makes most terms of the regression model vanish, leaving a small fixed number of isolates that predict neutralization. Each neutralization score defines a distinct panel selection method based on the selected isolates. We used panels consisting of K isolates (K ranging between 1 and 20) selected by lasso to predict neutralization scores for each serum by using hard thresholding, which models neutralization scores with coefficients from ordinary (unconstrained) linear regression. We also evaluated a multivariate combination of quartiles Q 1 , Q 2 , and Q 3 using grouped lasso (75) , although for brevity, the results are not shown.
Prediction of serum MB curves. Subsets of viruses were sought whose performance with serum samples predicted the actual performance of the samples against the larger set of viruses. Consistent sigmoidal shapes of MB curves across sera, corresponding to near Gaussian neutralization response distributions, simplified the problem of modeling the neutralization distribution per serum. Predicted MB curves were determined with subsets of viruses by fitting a logistic function (76) to quartiles of the distribution, using the R package drc for parameter estimates (77) . We measured the fit of a predicted MB curve to the observed MB curve using the area between these two curves (ABC) from 0 to 1 (i.e., the average distance between the curves). We also computed an R 2 value from the area under the predicted and observed MB curves. The R 2 for AUC-MB is defined across M sera as
where A j is the observed AUC-MB curve for serum j across all viruses, Â j is the predicted AUC-MB for serum j across all viruses, and A is the average of the observed AUC-MB curves. The global panel analysis used 205 sera and 195 virus isolates with all observations present, rather than accommodate missing data.
Subtype-specific panels. We were also interested in generating subtype-specific prediction panels. For subtypes B and C, we had enough type-specific sera and isolates to consider subtype-specific panels. For subtype B, we used 59 sera and 49 isolates, and for subtype C (including subtype CRF07, which is almost entirely a C clade virus in the Env region) we used 74 sera and 75 isolates. The non-B/non-C data consisted of 72 sera and 71 isolates, although noncirculating recombinants included various fragments of B and C.
Performance evaluation. To assess panel selection performance, we compared lasso-selected and randomly chosen panels. For each candidate panel size, we randomly sampled 1,000 panels of that size, used ordinary linear regression to predict the AUC-MB from each, and compared the results using the coefficient of determination, R 2 , from linear regression. Independent performance assessment requires that data used to estimate parameters be excluded from data used to assess accuracy. Therefore, we also used 10-fold cross-validation to assess performance of quartile-based prediction methods. We split sera into 10 groups of 20 or 21 sera, and then for each group performed panel selection using sera not in that group to compute the ABC per serum in the group.
For subtype-specific panels, we computed ABC between predicted and observed MB curves using clade-matched data. We added isolates from the global panel, using the additional data to predict subtype-specific MB curves (i.e., MB curves restricted to isolates of a given HIV-1 subtype). We compared ABCs of subtype-specific and global panels to evaluate subtypespecific panels and evaluated the performance of previously defined panels for subtypes B and C (35, 36) to predict serum MB curves. Since previously defined panels included isolates not among the 195 viruses used to define the global panel, we used a matrix of 164 sera (55 subtype B, 38 subtype C, 71 non-B/non-C) by 165 viruses (37 subtype B, 61 subtype C, 67 non-B/non-C) when assessing these panels with complete data.
RESULTS
Global reference panel selection. The neutralization profile of 219 HIV-1 Env-pseudotyped viruses was assessed in a checkerboard style in TZM-bl cells with serum samples from 205 chronically HIV-1-infected subjects. Env pseudotypes originated in Kenya (n ϭ 7), Uganda (n ϭ 10), Rwanda (n ϭ 1), Tanzania (n ϭ 28), the United States (n ϭ 30), Italy (n ϭ 2), Trinidad/Tobago (n ϭ 6), Thailand (n ϭ 29), Spain (n ϭ 7), Peru (n ϭ 8), China (n ϭ 35), India (n ϭ 9), South Africa (n ϭ 13), Zambia (n ϭ 9), Malawi (n ϭ 16), Brazil (n ϭ 1), Ghana (n ϭ 1), Senegal (n ϭ 5), Portugal (n ϭ 1), and Switzerland (n ϭ 1). Serum samples originated in China (n ϭ 20), Europe (n ϭ 16), Malawi (n ϭ 9), South Africa (n ϭ 45), Tanzania (n ϭ 13), Thailand (n ϭ 15), United Kingdom (n ϭ 47), the United States (n ϭ 16), and elsewhere (n ϭ 24). Over half of the sera (n ϭ 117 [57.1%]) were selected randomly, and the remaining 88 sera were prescreened against 6 to 12 viruses to identify and exclude weakly neutralizing sera from larger banks of sera.
A shown in Fig. 1 . This heat map showed that the viruses did not segregate into a practical number of clear neutralization patterns. If they had, it might have been possible to define HIV-1 neutralization serotypes, which was one of the goals of the overall study that would have provided a rationale for reference strain selection. In the absence of defined neutralization serotypes, the AUC-MB of each serum sample was used as a measure to describe the spectrum of neutralizing activity seen among all serum samples. AUC-MB was determined using individual pAUC values for a given serum sample across a set of viruses, where the pAUC values were highly correlated with ID 50 values of Ͼ20 (Pearson's r ϭ 0.91) and provided greater sensitivity (i.e., quantifiable values when the ID 50 was Ͻ20) ( Fig. 2A) for robust statistical analysis. For each serum sample, quartiles (i.e., 25th, 50th, and 75th percentiles) were used to sort the viruses into four equal-size groups.
The least sensitive 25% of viruses have a pAUC value below the 1st quartile, and the most sensitive 25% of viruses have a pAUC value above the 3rd quartile. The 2nd quartile is the median pAUC for a serum sample. These quartiles were used as a basis to identify subsets of isolates that accurately predicted the observed MB curves. The area between curves (ABC) of the predicted and observed MB curves, where the predicted curve was based on a proposed set of reference viruses and the observed curve was based on the full set of viruses, was used to judge the accuracy of the predicted curve, where smaller values reflect greater accuracy. A subpanel of viruses was sought that most accurately predicted the observed MB curves by using 205 sera and 195 of 219 Env-pseudotyped viruses without missing observations. We compared the abilities of K isolate panels (with K ranging between 1 and 20) to predict the AUC-MB of each serum across 195 isolates using the AUC-MB lasso model selection method with a null distribution obtained by random selection. From this analysis, a panel size of nine viruses seemed a reasonable trade-off among prediction accuracy and diminishing returns of prediction accuracy with larger panels (Fig. 2B) , where the predictive value of an optimal panel of nine viruses (see below) had an R 2 value of 0.94. A panel size of nine viruses also minimizes the resources required for high-throughput testing of the large numbers of samples anticipated in vaccine trials and allowed for the addition of three strains selected based on other criteria beyond the ABC that may be relevant to future vaccine trials.
Optimal isolates that should comprise the nine-virus panel were determined using quartile prediction methods, as illustrated in Fig. 3 for serum 100008. Because pAUC values in MB curves were sorted to compute quartiles from the cumulative distribution, the particular ordering of isolates was specific to each serum and did not necessarily follow Fig. 3 . Table 1 summarizes isolates in panels chosen by quartile methods, together with subtype and infection stage. Four viruses were identified by all three quartile methods, and four more were identified by Q 2 and either Q 1 or Q 3 . observations. Colored bands above and to the left of the heat map indicate the subtypes of each serum and virus, respectively. For 34 sera, subtype information was unknown because genome amplification was unsuccessful (NA) (gray bars). Subtypes designated "Other" are noncirculating recombinant forms and two scantly represented CRFs. Leaves on dendrograms are colored to indicate the selection method by which viruses were chosen for the global reference panel (left) and which sera were selected randomly versus those that were prescreened (top). Red dots on dendrograms indicate nodes with at least 60% bootstrap support from 1,000 resampled replicates. Neutralization profiles of isolates selected by quartile-based methods and the additional reference strains are duplicated below the heat map to highlight their neutralization susceptibility. The nine strains selected for the global reference panel using the quartile Q 2 (median) are indicated in magenta. The three augmenting strains selected to complete the global reference panel are in blue. Additional strains identified using quartiles Q 3 (25th percentile) and Q 1 (75th percentile) that were not included in the global reference panel are shown in gray. Names of virus isolates, prefixed by subtype, are (from top to bottom) as follows: Q 2 , CԽCE0217, 01ԽCNE55, BԽTRO11, GԽX1632, ACԽ246F3, 07ԽCH119, CԽCE1176, 07ԽBJOX2000, and CԽ25710; Q 1 , CԽ3728, BԽRPW-0510.2, 07ԽCH111.8, and 01ԽC1080.C03; Q 3 , CԽ7060101641A7(REV-) and CԽDU123.6; and the augmenting strains, BԽX2278, 01ԽCNE8, and AԽ398F1. The Q 2 method and a multivariate predictor using all three quartiles (not shown) selected the same nine isolates. Figure 4 shows panel-based predicted MB curves from the nine-isolate Q 2 panel as assessed by ABC for the best percentile, the 33rd and 66th percentiles, and the worst fits. Figure 5 shows the ABC goodness of fit of each predicted MB curve versus the AUC-MB and that ABC increases with serum potency. All selection methods predicted MB curves at or below an ABC threshold of 0.05 for 95.6% of sera. That is, 196 of 205 sera were fit with less than 5% ABC, leaving 9 sera as poorly fit outliers. These sera represented a variety of AUC-MB values. Figure 6 and Table 2 compare the ABC values from quartile-based selection methods obtained using the entire neutralization data set and by cross-validation. Although distributions predicted by cross-validation did not fit as well as those predicted using the entire data set, we saw minimal performance degradation when predicting independent sera.
After choosing a nine-isolate Q 2 panel of Env-pseudotyped viruses as highly predictive of neutralization profiles of 205 diverse sera from chronic infections, we noted a disproportionate number of the viruses belonged to clade C in whole or in part: three pure C clade viruses, two CRF07s (a circulating recombinant lineage common in China that is essentially C clade in Env), and one recombinant AC virus together constitute two-thirds of the selected Q 2 panel ( Fig. 1 and Table 1 ). Only one B clade isolate, dominant in the United States and Europe, one CRF01 isolate, dominant in Thailand and parts of Asia, and one G clade isolate were included in the Q 2 panel of nine viruses. Moreover, these nine isolates spanned a limited number of neutralization clusters (Fig. 1) . We therefore augmented the nine-virus panel by adding three viruses, one each from clades A, B, and CRF01, that may have the potential to detect clade-specific bnAb responses in regions of the world where some vaccine trials are being planned, outside southern Africa, where C clade dominates the epidemic. To improve sensitivity for low-level serological activity, we specifically selected the three augmenting viruses to be among those with higher susceptibility in the lower-level serological reactivity range: i.e., we selected them specifically to represent clusters in the Results are shown for serum 100008 from a chronic HIV-1 subtype C-infected individual who was among the more potent neutralizers. Values along the x axis indicate the magnitude of neutralization potency as positive area under the titration curve (pAUC) values. Values along the y axis indicate neutralization breadth as the cumulative proportion of isolates having neutralization potency (pAUC) no less than the magnitude on the x axis. The prediction target is the magnitude-breadth (MB) curve across 195 viruses assayed with this serum (solid line). Quartiles of the distribution for this serum (Q 1 , Q 2 , and Q 3 ) are predicted from 9-isolate panel pAUCs given by Q 2 . Viruses a to i represent CE0217, CE1176, CH119, CNE55, 25710, TRO11, X1632, BJOX2000, and 246F3, respectively. The predicted MB curve is the logistic function fit to quartile estimates (dashed line). The inset includes the AUC-MB for both the observed and predicted MB curves along with the area between the two curves (ABC). bottom of the plot shown in Fig. 1 , which are more sensitive to the weaker sera on the left side of the heat map. Thus, these three viruses represent clusters of serum neutralization profiles not otherwise included, for a total of 12 virus isolates ( Fig. 1 and Table 1) , and combined they capture some reactivity missed by the Q 2 panel of nine viruses and enrich for major epidemic HIV-1 clades. These 12 isolates are listed by their original names and by abbreviated common names; the latter names are used hereafter.
Comparisons to subtype-specific panels. To gain a better understanding of the overall predictive value of the global panel, we compared its performance to that of panels comprised exclusively of either B, C, or non-B/non-C subtype viruses. Only minor penalties were seen when the nine-virus global panel was used in place of a subtype-matched panel (Table 3 ). Here, both B and C clade subsets slightly outperform the global panel, regardless of method used. Q 2 best predicted global MB curves (i.e., target ϭ global, panel ϭ global, and method ϭ Q 2 ), while Q 3 slightly outperformed Q 2 on subtype-specific MB curves (e.g., target ϭ B clade, panel ϭ global, method ϭ Q 3 versus Q 2 ). When comparing the 12-isolate augmented global Q 2 panel with the 9-isolate panel, the differences were quite minor (Table 4) . When comparing the 12-isolate augmented Q 2 panel with previously defined panels for subtypes B and C (35, 36) , the global panel performed best across all subtype-specific targets ( Table 4) .
Influence of serum potency. We evaluated the influence of highly potent sera on quartile-based serum panels as fitted versus residual values from predicted neutralization scores (Q 1 , Q 2 , or Q 3 in Fig. 7) . For Q 1 , the top three residuals in absolute value across all sera were among the most potent. For Q 3 , residuals of top neutralizers were generally positive (underpredicted), while for Q 2 , residuals of top neutralizers were consistent with all sera. Top neutralizers had the highest ABC but were not atypical as outliers (Fig. 5) . The Q 2 panel best predicted MB curves and performed well in cross-validation and predicted subtype-specific MB curves almost as well as Q 3 . Highly potent sera did not dominate Q 2 .
Choosing the optimal panel selection method. We chose Q 2 for the overall nine-isolate panel based on four factors: (i) performance based on ABC goodness of fit, (ii) cross-validation, (iii) comparison to subtype-specific panels, and (iv) influence of serum potency. Based on our analyses of these four performance criteria, Q 2 consistently performed best or with similar characteristics to the other two selection criteria.
Sequence analysis of the global reference Env panel. Analysis of full-length gp160 sequences from the 12-virus global panel showed them to be genetically diverse among a wide spectrum of heterologous strains (Fig. 8 ) and among each other (Fig. 9) . The greatest amino acid sequence diversity was seen in the canonical V1, V2, V3, V4, and V5 regions and in a region of approximately 32 amino acids in the N-terminal half of C3 in gp120 that included the ␣-2 helix (Fig. 9 ). The V1, V2, and V4 cysteine-cysteine (CysCys) loops also exhibited substantial length variation (Table 5) , whereas the V3 Cys-Cys loop did not vary in length (33 amino acids in all clones). The gp120s contained an average of 25 (range, 22 to 29) potential N-linked glycans (PNLG) ( Table 5 ), 8 of which were 100% conserved among all 12 clones, including positions 156, 160, 276, and 301 (HXB2 numbering), which are required for known glycan-dependent bnAbs (48, (78) (79) (80) (Fig. 9 ). Glycans at positions 234 and 332, which are also required for certain bnAbs (48, 78) , were present in 11 and 8 strains, respectively. The number (n ϭ 4) and position of PNLG in the gp41 ectodomain were highly conserved (Table 5 and Fig. 9 ). Positions associated with neutralization by VRC01 and VRC01-like bnAbs were, for the most part, highly conserved and contained neutralization-sensitive residues (81, 82) . Nine of these sites were 100% conserved (N280, R304, I420, I423, Y435, R456, G458, G459, and G471; HXB2 numbering). Minor variation of 1 or 2 amino acids occurred at the remaining six positions. Coreceptor tropism and neutralization properties of the global panel as Env-pseudotyped viruses. It was important to determine whether the 12 viruses in the global panel were R5 tropic and possess a tier 2 neutralization phenotype that is typical of most circulating strains. All 12 Env-pseudotyped viruses were highly sensitive to the R5 inhibitor TAK-779 (50% inhibitory concentrations [IC 50 ], Ͻ0.003 to 0.68 M) and were relatively resistant to the X4 inhibitor AMD 3100 (IC 50 , Ͼ5 M), indicating that they are R5 tropic. Figure 10 shows the neutralization sensitivity of all 219 Env-pseudotyped viruses assayed in TZM-bl cells with HIV-1 serum samples. With one exception, all viruses were substantially less sensitive than the prototypic tier 1A and tier 1B viruses, SF162.LS and Bx08, respectively, and therefore may be considered tier 2, although a small subset of the least sensitive viruses might be classified as tier 3. All global panel viruses possessed a tier 2 neutralization phenotype as Env-pseudotyped viruses, including several that were among the more sensitive viruses within this tier (Fig. 10) .
In addition to being genetically diverse and exhibiting a tier 2 neutralization phenotype in TZM-bl cells, it was important to determine how well the global panel detected known bnAbs. As shown in Table 6 , all 12 global panel viruses were sensitive to multiple bnAb specificities. Most viruses were sensitive to the CD4bs bnAbs VRC01 and VRC-CH31, the V1V2 glycan-dependent bnAbs PG9, PG16, and CH01, the V3-V4/glycan-dependent bnAb PT128, and the gp41 MPER-specific bnAb 4E10. Among the CD4bs bnAbs, only one virus (BJOX2000) was resistant to VRC01 and VRC-CH31; this resistance was not associated with known resistance mutations. The same virus was resistant to two additional CD4bs bnAbs, HJ16 and IgG1b12. Overall, six viruses were sensitive to HJ16, and only one was sensitive to IgG1b12. Relative bnAb breadth against the 12-virus panel mostly agrees with findings from a much larger virus panel (83) . Notably, inclusion of the three strains to augment the Q 2 set of nine viruses enabled an improved capacity to detect moderately cross-reactive bnAbs, such as IgG1b12 and 2G12.
Among the glycan-dependent bnAbs, all viruses except 398F1 were sensitive to PG9 and PG16. This single resistant virus possessed N-linked glycans at positions 156 and 160 that are often required for the PG9/PG16 epitope (46, 80) , suggesting that resistance was related to amino acid contacts. Ten viruses were highly sensitive to PGT128. One PGT128-resistant virus, CNE55, lacked an N-linked glycan at position 332 that is often required for the epitope (48) . A second resistant virus, X1632, shifted the glycan downstream by two residues. Notably, two additional viruses, CNE8 and 246F3, showed an identical shift in the glycan but remained highly sensitive to PGT128. Overall, this panel of viruses represents multiple variations of the PGT128 epitope. Only three viruses were sensitive to 2G12. Most 2G12-resistant viruses contained subtype C sequences and lacked an N-linked glycan at position 295 that is required for the epitope and is often absent in subtype C (36) .
Between the two gp41 MPER-specific bnAbs tested, 4E10 neutralized all 12 panel viruses, whereas 2F5 neutralized six. The six 2F5-sensitive viruses contained a DKW motif that has been shown to be minimum requirement for neutralization (35, 50, 84) . Five 2F5-resistant viruses contained a DSW motif, while a sixth resistant virus contained a DNW motif (Fig. 9) .
Coreceptor tropism and neutralization properties of the global panel as Env.IMC.LucR viruses. The 12 global reference Env clones were converted to Env.IMC.LucR viruses for greater assay utility. As one example, A3R5 cells express much lower levels of CD4 and CCR5 than TZM-bl cells and are substantially more sensitive for detecting neutralization (69, 71) , especially with vaccine-elicited antibodies (85) . Replication-competent Env. IMC.LucR viruses expressing env genes of choice in cis are required for this assay because most Env-pseudotyped viruses do not generate adequate RLU for accurate measurements of neutralization (67) .
The viruses retained their R5 tropism as Env.IMC.LucR viruses sensitivity of the A3R5 assay, all members of the global panel of Env.IMC.LucR viruses were substantially more sensitive to neutralization in A3R5 than in TZM-bl cells (Fig. 11) . The sensitivity of the three Env.IMC.LucR viruses used to augment the global panel (398F1, CNE8, and X2278) overlapped that of the prototypic tier 1 viruses MW965.IMC.LucR and SF162.IMC.LucR in A3R5 cells, and therefore these viruses are considered to possess a tier 1 neutralization phenotype in this assay. Notably, CNE8.Env.IMC.LucR and X2278.Env.IMC.LucR exhibited a tier 2 phenotype in TZM-bl cells, as did the corresponding Envpseudotyped viruses (Fig. 10) . We have seen multiple cases of Env.IMC.LucR viruses exhibiting a phenotype switch in the two cell types; these viruses tend to be at the more sensitive end of the tier 2 spectrum in the TZM-bl assay (unpublished data). The three augmentation viruses were selected for being among the most susceptible to weakly neutralizing sera in the TZM-bl assay, which may explain in part why they were the only members of the 12 virus global panel to exhibit a tier 1 phenotype in A3R5 cells. The remaining nine global panel Env.IMC.LucR viruses exhibited a spectrum of tier 2 neutralization phenotypes in A3R5 cells. An unexpected finding was one virus, 398F1, which exhibited a tier 1 phenotype as an Env.IMC.LucR virus in both cell types but was tier 2 when assayed as an Env-pseudotyped virus in TZM-bl cells. This is the first example we have seen of such a wide discrepancy between the two different molecular Env constructs assayed in TZM-bl cells. The two constructs differ in the cytoplasmic tail (CT) of gp41, which is derived from NL4-3 in the case of the Env.IMC.LucR viruses used here. Thus, the Env.IMC.LucR viruses contained only the ectodomain (ecto) of the designated strain, whereas the Env-pseudotyped viruses contain full-length gp160. We examined whether gp41CT might affect the neutralization phenotype of this virus by assaying an Env.IMC.LucR.RE virus containing the entire rev-env region (i.e., full-length gp160) of HIV-1 strain 398F1. The latter Env.IMC.LucR.RE virus was substantially less sensitive to neutralization by the 14 HIV-1 sera than the corresponding ecto version of the Env.IMC.LucR virus in TZM-bl cells (geometric mean titers [GMT] of 108 and 17,160, respectively), where the Env.IMC.LucR.RE more closely resembled the neutralization susceptibility of the Env-pseudotyped virus assayed in TZM-bl cells with the same 14 HIV-1 sera (GMT of 105). Both forms of the Env.IMC.LucR viruses exhibited a highly sensitive tier 1 phenotype with the 14 HIV-1 sera in A3R5 cells, where the RE version was slightly less sensitive to neutralization than the corresponding ecto version (GMT of 39,545 and 99,426, respectively). These results suggest that NL4-3 gp41CT dramatically altered the neutralization phenotype of this virus in TZM-bl cells, while having only a moderate effect on the phenotype in A3R5 cells.
The Env.IMC.LucR global panel viruses were further characterized with bnAbs in the A3R5 assay (Table 6 ). Most results were very similar to those obtained with Env-pseudotyped viruses in the TZM-bl assay. A few notable exceptions included a substantial increase in neutralization potency in the A3R5 assay when IgG1b12 was assayed with CE0217, when 2F5 was assayed with 398F1, CNE8, and X2278, and when 4E10 was assayed with 398F1, CNE8, and CE0217, all as Env.IMC.LucR viruses. Two cases of decreased potency in the A3R5 assay were noted: CH01 assayed with 398F1.IMC.LucR and 4E10 assayed with TRO11.IMC.LucR.
We sought to identify epitopes that might be responsible for the enhanced sensitivity of the A3R5 assay with HIV-1 serum samples. This was done by assaying additional MAbs that rarely neutralize tier 2 viruses in TZM-bl cells. Several of these MAbs neutralized multiple global panel viruses. The most frequently targeted epitopes were in the CD4bs, V3 loop, and CD4i regions of gp120 and in the cluster I region of gp41 (Table 7) . Less frequent neutralization was seen with V2-specific MAbs, whereas neutralization by MAbs to the C2 and C5 regions of gp120 and to cluster II epitopes in gp41 was rare or absent. Overall, viruses that were more sensitive to neutralization by HIV-1 sera were more likely to be neutralized by a subset of these MAbs. One exception was 25710.IMC.LucR, which was among the most sensitive to HIV-1 sera but was resistant to all of the MAbs. Another exception was CH119.IMC.LucR, which was among the least sensitive to HIV-1 sera but was often sensitive to the V3 and CD4bs MAbs. A final exception was CNE55.IMC.LucR, which was the least sensitive to HIV-1 sera but was neutralized by two gp41 cluster I MAbs. Though we did not do parallel assays in TZM-bl cells, we have assayed these same MAbs against other viruses in both A3R5 and TZM-bl cells and find that when they neutralize in A3R5 cells, the activity is rarely detected in TZM-bl cells when the same stocks of Env.IMC.LucR viruses are used in both assays (unpublished data).
DISCUSSION
We describe a practical number of Env reference strains representative of the global HIV-1 epidemic for use in performing standardized assessments of vaccine-elicited nAb responses. This new global panel was selected from among 219 tier 2 Env-pseudotyped viruses that were characterized in TZM-bl cells with 205 chronic sera from HIV-1-infected individuals. Both the Env-pseudotyped viruses and the sera were sampled globally from diverse geographic locations and together represented five HIV-1 M-group subtypes (A, B, C, D, and G), three common circulating recombinant forms (CRFs 01, 02, and 07), and additional unique recombinants. This is by far the largest and most comprehensive checkerboard-style neutralization data set reported to date for HIV-1 and therefore is best suited for reference strain selection. A lasso statistical model selection procedure was used to analyze the neutralization data set for reference strain selection. A global panel of reference Envs was selected based on method Q 2 , which performed the best based on the ABC. Performance under cross-validation also suggests that Q 2 is the best among the quartile methods tested. The spectrum of serum neutralizing activity seen against a large multisubtype panel of 219 Env-pseudotyped viruses was shown to accurately predict results with a small subset of only nine selected viruses (R 2 ϭ 0.94). This is a practical number of viruses for large-scale assessments of nAbs in preclinical and clinical stages of vaccine development.
A review of the initial selected isolates showed preference for subtype C and CRF07, the latter being a recombinant lineage that carries subtype C in Env. Of note, some of the sera used in the large checkerboard panel were selected after prescreening to exclude sera with low activity. The vast majority of prescreened sera were from individuals infected with subtype C and CRF07 viruses. In the event that intraclade sensitivity subtly impacted our selection criteria by introducing unintended bias, and because some vaccine trials are being planned in areas of the world where other subtypes predominate, three additional viruses were selected to augment the global Q 2 panel selected by lasso. Sera with similar neutralization profiles were grouped using hierarchical clustering of Euclidean distances. One subtype A virus, one subtype B virus, and one CRF01 virus were included to represent clusters of neu- tralization profiles not otherwise covered ( Fig. 1) and to augment representation of distinct subtypes that were underrepresented in the panel of nine but that are important in terms of their high prevalence in regions where vaccine trials are likely to be conducted. The three viruses added to this panel provide additional coverage, including an improved ability to detect weaker bnAbs, while maintaining a practical panel size and predictive power. All 12 members of the global panel were R5 tropic and exhibited a tier 2 neutralization phenotype as Env-pseudotyped viruses in TZM-bl cells. For additional utility, the global panel was shown to be nearly as good as subtype-specific panels for prediction of subtype-specific nAb responses in the TZM-bl assay. Although it is practical and reasonable to use a subtype-specific reference panel in subtype-specific settings when evaluating a vaccine for protection against limited viral diversity, as is the case when a single subtype predominates at the time and place of the trial, use of a standard set of isolates, regardless of setting, would enable comparisons across studies and provide greater opportunity to characterize immune correlates of protection against the diversity encountered in the global context of the HIV-1 pandemic. In addition, by changing the target MB curve (e.g., the observed MB curve based on the subset of subtype C viruses), these methods can adjust prediction accuracy for target virus populations of interest.
The utility of any panel of Env reference strains for HIV-1 vaccine development also depends on their ability to detect known bnAbs. In this regard, the panel selected here was highly sensitive for detecting bnAb epitopes in the CD4bs (e.g., VRC01, VRC-CH31, and HJ16), V1V2 glycan (e.g., PG9, PG16, and CH01), V3/V4 glycan (PGT128), and gp41 MPER (e.g., 2F5 and 4E10). It will be important to continue to test the sensitivity of these viruses to newer bnAbs that become available in the future.
One possible limitation of our virus panel selection method is that selection was based on responses to natural infection, whereas the primary intended use of this panel is to assess the magnitude and breadth of vaccine-elicited responses. In this regard, most of the panel-based MB curve predictions for natural infection sera were very accurate, although a few outlier serum samples were poorly predicted. In the context of a phase I/II randomized clinical trial, summaries of sera are unlikely to be highly influenced by outlier sera, and therefore, MB curves should be predictable with sufficient accuracy to summarize neutralization profiles among the panel viruses. Moreover, by predicting distributions of neutralization values per serum (i.e., MB curve) rather than which sera will neutralize a particular virus isolate, the problem is simplified to estimating generic parameters of the neutralization distribution. Nonetheless, as vaccine trial data accrue, it may be prudent to evaluate a small subset of vaccine sera using more extensive virus panels, for direct comparison to this global panel, to determine if the predictability of the global panel based on natural infection is maintained in a vaccine context.
For greater assay utility, all 12 global panel Env clones were converted to Env.IMC.LucR viruses and shown to be suitable for nAb assays in A3R5 cells, where they retained their R5 tropism and sensitivity to known bnAbs and, as expected, were substantially more sensitive to neutralization with HIV-1 sera than were the corresponding Env-pseudotyped viruses assayed in TZM-bl cells. Their enhanced sensitivity to HIV-1 sera might be explained in part by an increased vulnerability of epitopes in the CD4bs, CD4i, and V3 regions of gp120 and cluster I epitopes in gp41 (Table 7) .
Assays with these viruses in A3R5 cells should permit ultrasensitive detection of vaccine-elicited neutralizing antibodies (85) . We note, however, that because the reference Envs were selected on the basis of neutralization results with Env-pseudotyped viruses in the TZM-bl assay, and because of possible qualitative differences in the neutralization specificities detected in the two assays (unpublished results), the predictive power of this panel of Env-IMC.LucR viruses assayed in A3R5 cells does not have the same level of qualification as the corresponding Env-pseudotyped viruses assayed in TZM-bl cells. For this reason, when possible, additional assays with subtype-specific and region-specific panels of Enc.IMC.LucR viruses should be considered for comprehensive assessments of vaccine-elicited responses in the A3R5 assay. We note that three of the Env.IMC.LucR viruses exhibited a tier 1 neutralization phenotype in A3R5 cells, whereas all 12 reference Envs exhibited a tier 2 phenotype as Env-pseudotyped viruses in TZM-bl cells. We do not understand the basis for this phenotype "switch" from tier 2 in TZM-bl to tier 1 in A3R5 cells. It is possible that the switch is related to the use of Env-pseudotyped viruses in TZM-bl cells, which contain full-length gp160, whereas the Env.IMC.LucR viruses used in the A3R5 assay contain only the ectodomain of the virus of choice (gp41CT being derived from NL4-3). However, we have seen multiple cases of a similar phenotype switch when only Env.IMC.LucR viruses are used in both assays (unpublished data), suggesting that gp41CT is rarely responsible. Nevertheless, we did observe one special case of a virus (398F1) in the present study that exhibited a phenotype switch possibly related to gp41CT. This virus was one of three chosen to augment the nine viruses selected by lasso. The fulllength gp160 of this virus as either an Env-pseudotyped virus or Env.IMC.LucR.RE virus exhibited a tier 2 phenotype in TZM-bl cells, whereas the corresponding Env.IMC.LucR version containing the Env ectodomain of 398F1, and the gp41CT of NL4-3 exhibited a tier 1 phenotype. This is an interesting but likely exceptional case for a more detailed study of the possible influence of gp41CT on the antigenic structure of the Env ectodomain (unpublished data).
In summary, a robust statistical analysis of a large checkerboard-style neutralization data set was used to select a global panel of HIV-1 reference strains for standardized assessments of vaccine-elicited nAb responses. Unlike other panels, this one was Ͼ25  Ͼ25  Ͼ25  Ͼ25  Ͼ25  Ͼ25  Ͼ25  Ͼ25  Ͼ25  Ͼ25  Ͼ25  Ͼ25   1331-160A C5  Ͼ25  Ͼ25  Ͼ25  Ͼ25  Ͼ25  Ͼ25  Ͼ25  Ͼ25  Ͼ25  Ͼ25  Ͼ25  Ͼ25  670-30D  Ͼ25  Ͼ25  Ͼ25  Ͼ25  Ͼ25  Ͼ25  Ͼ25  Ͼ25  Ͼ25  Ͼ25  Ͼ25 Ͼ25  Ͼ25  Ͼ25  Ͼ25  Ͼ25  Ͼ25  Ͼ25  Ͼ25  Ͼ25  Ͼ25  Ͼ25  Ͼ25  167D  Ͼ25  Ͼ25  Ͼ25  Ͼ25  Ͼ25  Ͼ25  Ͼ25  Ͼ25  Ͼ25  Ͼ25  Ͼ25  Ͼ25   1418(16)  Parvovirus b19 Ͼ25  Ͼ25  Ͼ25  Ͼ25  Ͼ25  Ͼ25  Ͼ25  Ͼ25  Ͼ25  Ͼ25  Ͼ25  Ͼ25   3685A  PA (anthrax)  Ͼ25  Ͼ25  Ͼ25  Ͼ25  Ͼ25  Ͼ25  Ͼ25  Ͼ25  Ͼ25  Ͼ25  Ͼ25  Ͼ25 a Assays were performed with Env.IMC.LucR (ecto) viruses. Positive neutralization is shown in boldface. b Three isolates were used to augment the global panel.
qualified on the basis of predicting responses to a wide range of HIV-1 variants from diverse geographic locations and was shown to predict subtype-specific responses. This represents the first panel described to date that is designed to permit standardized assessments across multiple vaccine platforms tested in different parts of the world. The large neutralization data set described here may also be used to characterize the overall probability that any serum has neutralization activity against any randomly chosen virus. We observed from the full set of neutralization assay results that this estimated probability, or population-coverage index, is unbiased (not shown). Because of this, the estimated coverage parameters could be used in power calculations for clinical trials.
Estimates of population coverage might be used to predict vaccine efficacy in a clinical trial based on a sample of HIV-1 sequences circulating in the trial, data on HIV-1 exposure patterns, and a model linking the vaccine effect on the per-exposure infection probability to the neutralization potency present in a given hostvirus interaction.
